The Drosophila wing is a classical model for studying the generation of developmental patterns. Previous studies have suggested that vein primordia form at boundaries between discrete sectors of gene expression along the antero-posterior (A/P) axis in the larval wing imaginal disc. Observation that the vein marker rhomboid (rho) is expressed at the centre of wider vein-competent domains led to propose that narrow vein primordia form first, and produce secondary short-range signals activating provein genes in neighbouring cells (see Curr. Opin. Genet. Dev. 10 (2000) 393). Here, we examined how the central L3 and L4 veins are positioned relative to the limits of expression of Collier (Col), a dose-dependent Hedgehog (Hh) target activated in the wing A/P organiser. We found that rho expression is first activated in broad domains adjacent to Col-expressing cells and secondarily restricted to the centre of these domains. This restriction which depends upon Notch (N) signaling sets the L3 and L4 vein primordia off the boundaries of Col expression. N activity is also required to fix the anterior limit of Col expression by locally antagonising Hh activation, thus precisely positioning the L3 vein primordium relative to the A/P compartment boundary. Experiments using Nts mutants further indicated that these two activities of N could be temporally uncoupled. Together, these observations highlight new roles of N in topologically linking the position of veins to prepattern gene expression. q
Introduction
The highly stereotyped vein pattern of Drosophila wings constitutes a classical model for genetic and molecular analysis of cross-talk between different morphogenetic signaling pathways. Establishment of this pattern has been separated schematically into two phases. During larval stages, prepattern genes under control of the Hh and Dpp signaling pathways specify vein primordia at precise positions along the A/P axis of the wing imaginal disc (de Celis, 1998 for review). Vein specification is tightly linked to the expression of rhomboid/veinlet (rho/ve), which encodes an intramembrane protease required for the processing and activation of membrane-bound Epidermal Growth Factor Receptor (EGFR) ligands (Sturtevant et al., 1993; Noll et al., 1994; Martin-Blanco et al., 1999; Urban et al., 2001) . blistered (bs) which encodes the Drosophila homologue of the mammalian serum responsive factor (D-SRF) is expressed in vein-complementary regions and endows cells with an intervein fate (Montagne et al., 1996; Roch et al., 1998) . During the pupal stage, Delta-Notch signaling is required to restrict vein cell differentiation from provein domains that are seven to eight cells wide to two to three rows of vein cells proper. This lateral inhibition process is designated as provein into vein resolution (de Celis et al., 1997; Huppert et al., 1997) . While vein patterning and resolution have each attracted considerable interest, the molecular mechanisms linking these two processes remain poorly understood. Previous reports have suggested that longitudinal (L2 -L5) vein primordia form at boundaries between discrete A/P sectors of gene expression, such as for instance, L4 vein along the A/P compartment boundary (for review see Bier, 2000) . The observation that, already in third instar larvae, rho is only expressed in the centre of proveins as marked by Delta (Dl) expression led Biehs et al. (1998) to postulate a two-step, for-export-only signaling model. According to this model, cells in one A/P sector produce a signal to which they cannot respond, whereas cells lying immediately adjacent respond by activating the expression of vein-organising genes, such as rho. Secondarily, the rho-expressing cells would send a short-range signal activating expression of provein genes (such as Dl) in broader domains centred over the initial boundaries (Biehs et al., 1998, see Fig. 4A ). We directly addressed this model by examining the positioning of L3 and L4 veins.
Activation of rho in the L3 vein primordium requires the activity of homeodomain transcription factors encoded by araucan (ara) and caupolican (caup), two genes of the iroquois complex (iro-C) (Gomez-Skarmeta et al., 1996) . The iro-C prepattern genes are expressed in the anterior compartment of the third instar wing disc under the control of both Hh and Dpp signaling (de Celis and Barrio, 2000) . The position of L3 vein is further controlled by the transcription factor Collier/Knot (Col) which is activated by Hh in five to six rows of A cells along the A/P boundary and stably commits these cells to an intervein fate (Vervoort et al., 1999; Mohler et al., 2000) . col is also required for formation of L4 vein, but by an unrelated mechanism (Crozatier et al., 2002) .
Here, we report that two successive steps are involved in positioning L3 and L4 vein primordia relative to the A/P boundary. First, rho is activated in broad domains immediately flanking Col expression. Second, local activation of Notch signaling restricts rho expression to cells to the centre of their initial expression domains, thus shifting the L3 and L4 vein primordia off the A and P limits of Col expression. Notch signaling plays an additional role early in third instar larvae, in locally antagonizing Hh activation of col transcription, thereby freezing the A/P limits of the L3 vein-competent domain relative to the A/P compartment boundary. Together, our data reveal new roles of Notch signaling in translating A/P boundaries of prepattern gene expression into adult vein positions, thereby topologically linking prepattern on an individual per-vein basis and vein resolution.
Results and discussion

A new role of Notch in positioning L3 vein
In the Drosophila wing, L3 vein is decorated with campaniform sensory organs (CS). Formation of the L3 vein and sensory organs is generally thought to be topologically linked through expression of rho and the proneural genes ac and sc in overlapping A/P positions in third instar wing discs (Gomez-Skarmeta et al., 1996; Biehs et al., 1998) . In wt wings, CS overlap the posterior-most row of L3 vein cells (Fig. 1B) . In heterozygous N55 mutant wings, veins are wider than in wt, due to defective partitioning of the provein into vein and intervein cells, but selection of sensory organ precursors (SOPs) is not affected (de Celis et al., 1997; Huppert et al., 1997) . We observed, however, that CS were still overlapping the posterior-most L3 vein cells (Fig. 1C) , unlike what would be predicted if widening of L3 vein due to defective vein resolution was centred over its initial coordinate position. The position of SOP relative to the A/P border is not changed in N mutant discs (see below Figs. 2D -E), indicating that in adult the position of L3 vein ts2 mutants subjected to restrictive temperature (298C) as early pupae shows an increased width, similar to N55/þ mutants, but CS are now centred over the vein. (E) When the temperature shift is applied between mid-second and mid-third larval stages, L3 vein displays a wt width but is shifted anteriorly relative to CS.
is shifted anteriorly by one or two rows of cells. In order to determine whether this shift and the defect in vein resolution were or not coupled, we used the temperature-sensitive allele N ts2 . When N ts2 mutants were shifted to restrictive temperature between 104 and 128 h AEL (8 -32 h after puparium formation (APF)), the L3 vein was broader, indicative of abnormal vein resolution, as previously reported (Shellenbarger and Mohler, 1978; de Celis et al., 1997; Huppert et al., 1997) but, unlike N55/þ wings, the CS were now centred over the broader vein (compare Figs. 1D,C). Reciprocally, when a transient temperature shift was applied at 60-80 h AEL (mid-second/mid-third larval stages), the L3 vein retained a wild-type width but, as in N55/þ , its position was shifted anteriorly relative to the CS (compare Figs. 1B,E). Nts mutant analysis thus revealed a new role of N in positioning the L3 vein relative to the A -P border, temporally uncoupled from its known role in partitioning provein into vein and intervein cells at the pupal stage (de Celis et al., 1997; Huppert et al., 1997) . This led us to investigate in more detail the molecular mechanisms involved in positioning L3 vein.
N signaling antagonises Hh activation of col transcription
Longitudinal vein primordia can be visualised in third instar larval wing discs as a series of stripes of cells expressing provein genes, alternating with domains of D-SRF expression (Sturtevant and Bier, 1995; Montagne et al., 1996 and Fig. 2A) . We have previously shown that col activates D-SRF expression in A/P organiser cells and positions L3 vein by limiting L3 vein competence to cells expressing iro-C but not col (Crozatier et al., 2002 and Fig. 2A) . We therefore looked at col transcription in N55/þ third instar wing discs and found that it is expanded anteriorwards by one to two rows of cells (Figs. 2B,C) . We then examined the position of the SOPs, using a neuralised (neu)-lacZ reporter gene (transgenic line A101, Huang et al., 1991) . Whereas in wt, one row of cells separates SOPs from the anterior limit of Col expression, SOPs are found immediately adjacent to cells expressing high levels of Col protein in N55/þ discs (Figs. 2D,E) . Counterstaining of discs with propidium iodide (which labels all nuclei; not shown) confirmed that the position of SOPs relative the A/P border (anterior limit of hh/posterior limit of Col expression) was unchanged, allowing to conclude that reducing N activity in third instar larvae specifically results in anterior expansion of Col expression. We then examined Col expression in clones of N mutant cells generated in a heterozygous N55/þ background and spanning the A border of Col expression and observed that it was not expanded further anteriorly (Figs. 2F,G) . col expression is established in response to Hh in a dose-dependent manner (Vervoort et al., 1999) . The present data indicated that: (i) only one or two rows of cell activate col in response to Hh in absence of Notch signaling; and (ii) the same expansion on col expression results from complete absence of N or 2-fold reduction of N signaling suggesting that col expression is very dose sensitive. Thus, the expansion of col expression observed in N55/þ discs indicates that N signaling locally antagonises Hh activation of col transcription, to precisely position the posterior limit of the L3 vein primordium. Repression of col transcription by Notch signaling has already been reported in formation of an embryonic muscle and at the wing margin but the molecular mechanisms underlying this expression remain to be determined Crozatier and Vincent, 1999) . iro-C expression is also expanded anteriorly in late 3rd instar larval discs in N55/þ mutants (Figs. 2H,I ), indicating that the entire L3 vein-competence domain is shifted anteriorly. The opposite, posterior shift of iro-C expression (and consequently L3 vein position) observed in col mutant discs which correlates with the posterior shift of L3 vein observed in these mutants, was linked to the modified range of Dpp signaling resulting from lack of col activity (Crozatier et al., 2002) . Similarly, we propose that the anterior expansion of iro-C expression in N55/þ mutant discs reflects a modified range of Dpp signaling induced by anterior extension of Col expression (Fig. 2J) . Thus, in wild-type discs the cross-regulation between Hh, N and Dpp signalling allows to position the L3 vein primordium in register with CS. We next addressed the question of the relation between the A and P boundaries of Col expression and positions of L3 and L4 veins versus proveins.
A new model for positioning proveins centred over vein primordia in third instar larvae
As described in the introduction, one current view is that vein primordia form at borders between adjacent A/P sectors of gene expression (see Bier, 2000 and Fig. 4A ). According to this view, and based on col expression and requirement in cells along the A/P compartment boundary, the L4 and L3 vein primordia were predicted to edge the Col-expressing domain. We observed, however, that in late 3rd instar wing discs, the col expression domain is not directly flanked by rho-expressing cells, but is separated from them by one to two rows of cells expressing neither gene and expressing Dl (Vervoort et al., 1999; Crozatier et al., 2002 and Figs. 3B,D) . This led us to look at an earlier stage. In mid-third instar larvae, the col and rho expressing domains are in immediately adjacent (Fig. 3A) , suggesting that the vein-centred-over-provein pattern is established secondarily as the disc continues to grow in size due to cell proliferation. Contrary to wt, in N55/þ mutant discs, col and rho expression domains remain juxtaposed, correlating with an increased number of rows of rho-expressing cells (Fig. 3C ). These observations indicate that Notch signaling is involved in restricting rho expression and EGFR signaling ( Fig. 3 and data not shown) to single rows of cells at the centre of provein domains, probably via lateral inhibition. This process whose role in vein resolution was previously described (de Celis, 1998) therefore operates already in mid-third instar larvae and results in a displacement of one to two cells between the positions of L3 and L4 vein primordia and the boundaries of Col expression (Figs. 3F  and 4B ). This displacement offers an explanation for the observation that the adult L4 vein is separated by several rows of intervein cells from the A -P compartment boundary (Blair, 1992; Crozatier et al., 2002) . Although rho expression at the centre of proveins in late third instar larvae likely prefigures the position of adult veins, the provein into vein and intervein resolution process can be initiated or, conversely abort later during pupal development, as shown by analysis of various mutants including Nts mutants ( Fig. 1 ; Sturtevant and Bier, 1995; de Celis et al., 1997; Huppert et al., 1997; Martin-Blanco et al., 1999) . While consonant with the view that different A/P boundaries of prepattern gene expression in the wing primordium define the positions where provein domains are specified, our data do not support the suggestion that secondary short-range signals organise proveins around vein primordia. They rather support a sequential induction mechanism in which activation of the EGFR pathway defines vein-competent groups of cells in early 3rd instar larvae as well as promotes the expression of Dl; in turn Dl activation initiates lateral inhibitory signaling and restricts EGFR signaling to cells at the centre of vein-competent domains, through a feed-back regulatory loop requiring Notch (de Celis et al., 1997) . This mechanism is consistent with the loss of the L3 and L4 stripes of Dl expression in rho ve vn 1 (vn, a EGFR ligand; Simcox et al., 1996) mutants, indicating that Dl expression is dependent on EGF-R signaling (de Celis et al., 1997; Biehs et al., 1998) . A similar EGFR ! Dl sequential induction model has recently been proposed to operate in differentiating photoreceptor cells in the developing eye of Drosophila (Tsuda et al., 2002) . In conclusion, our observations highlight the importance of cross-talk between the Hh and N signaling pathways in assigning overlapping A/P positions to the L3 vein and associated sensory organs and the role of N in precisely positioning vein primordia, thus intimately linking prepattern to the vein resolution process.
Experimental procedures
3.1. Mutant and transgenic Drosophila strains N ts2 and N 55e11 are described in the 'Genome of Drosophila ' Lindsley and Zimm (1992) , Academic Press.
Clonal analysis
Clones of N mutant cells were generated by Flpmediated mitotic recombination (Xu and Rubin, 1993) by heat-shock treatment at 378C for 2 h of first-and second- Fig. 3 . N signaling is required to position provein centred over vein primordia. (A -C) Double in situ hybridisation to col (brown, red bar) and rho (purple) on wt and N55/þ wing discs. The L3 and L4 vein primordia are indicated by a black arrowhead and arrow, respectively. In wt, the rho and col-expression domains are immediately adjacent in mid-third instar discs (A) and become separated by one to two rows of cells expressing neither gene (white arrows) in late third instar larvae (B), reflecting restriction of rho transcription to cells at the centre of its initial expression domain (note the difference in size of the discs in A and B, reflecting active cell proliferation between mid-and late third instar). In N55/þ discs (C), this restriction does not occur (small black arrows). (D, E) Double in situ hybridisation to col (pink) and Dl (purple). In both wt and N55/þ late third instar discs, Dl is expressed in the domains immediately flanking the Col-expression domain. (F) Diagrammatic representation of the data shown in A-E, with the A/P compartment boundary indicated by a vertical black line. rho expression (hatched blue) defines groups of vein-competent cells on either side of the A/P organiser (brown). Notch signaling fixes the anterior limit of col expression, thereby stabilising the position of the L3 vein-competence domain early in third instar larvae (black negative arrow). EGFR induced Dl expression (hatched grey) results in local activation of N signaling, which restricts rho expression to cells at the centre of each vein-competent domain (black arrows). In N55/þ mutants, these processes are defective.
instar larvae of the following genotype: N 55e11 , FRT 18A/ubi-GFP, FRT18A; Hs-FLP/þ .
In situ hybridisation and antibody staining
In situ hybridisations and immunostainings on wings of third instar larvae and pupae were done as in (Crozatier et al., 2002) . RNA probes were synthesised from cDNA plasmids except for the col probe, which contains intronic sequences . The primary antibodies were rabbit anti-Col and mouse polyclonal anti-LacZ (Promega). In a previously proposed model, a boundary between adjacent A/P sectors induces expression of vein-organizing genes in a narrow stripe of vein primordial cells (blue), possibly via a forexport-only signaling mechanism (signal 1; black arrows); these cells produce a secondary signal (signal 2; black double arrows) which activates expression of genes in broad provein domains (grey) centred over the vein primordium (adapted from Biehs et al., 1998) . (B) In our favourite model, vein-competence and intervein genes are activated in adjacent stripes in response to morphogen gradients such as Hh and Dpp. Secondary, localised activation of N signaling in veincompetent domains restricts vein primordia to the centre of these domains, leading to a shift from the initial boundaries. The black vertical arrow and arrowhead which indicate the position of the initial boundary and final position of the vein, respectively underlie this shift according to model B. * indicates the additional role of N signaling in positioning the L3 vein competence domain, thus topologically linking prepattern and positioning of vein primordia on an individual per-vein basis.
